This review deals with the effectiveness and mechanism of stress treatments, such as heat and UV treatments (hot air, hot water, and UV-B), on the quality maintenance of postharvest green horticultural crops such as broccoli florets and green sour citrus fruits (lime, Nagato-yuzukichi, and yuzu), in which chlorophyll (Chl) degradation is a main factor in quality deterioration. Postharvest stress treatments effectively suppressed Chl degradation with senescence during storage. In broccoli florets and lime fruit, hydrogen peroxide, which is produced by postharvest stress treatments, could induce the activation of the ascorbate-glutathione (AsA-GSH) cycle, and enhancement of the AsA-GSH cycle might be involved in the suppression of senescence in such produce. The mechanism of peroxidase-mediated Chl degradation and the control of Chl-degrading enzymes by stress treatments were determined using broccoli florets and Nagato-yuzukichi fruit. Peroxidase oxidized phenolic compounds such as apigenin, naringin and p-coumaric acid, which have a hydroxyl group at the p-position, to form phenoxy radicals, and Chl a could be degraded by the formed phenoxy radicals to colorless low-molecularweight compounds. It was found that the cationic isoperoxidase related to Chl degradation, which is localized in the chloroplast, increased with senescence during storage and enhancement of the activity was effectually inhibited by stress treatments. In addition to peroxidase, the activities and gene expression of other Chl-degrading enzymes were controlled by stress treatments. Thus, stress treatments seem to be a useful method for controlling Chl degradation in stored green fruits and vegetables.
Introduction
In most horticultural crops, quality deteriorates quickly after harvest because crops respire and transpire continuously. Low temperature is highly effective to maintain quality during transportation and storage of all horticultural produce except produce originating in tropical and sub-tropical regions; however, it is difficult to transport and store horticultural produce under low temperature from farm to table, even in developed countries. In tropical regions, where cold storage systems are limited, postharvest loss of horticultural produce might reach more than 50%, which is a significant problem (Paliyath et al., 2008) .
In the case of postharvest horticultural crops, such as leafy vegetables, broccoli florets, and limes, one of the main factors related to quality deterioration is the loss of green color with chlorophyll (Chl) degradation. Chl degradation has been suggested to have the following putative pathways, as shown in Figure 1 . An early step of Chl a degradation seems to be the removal of phytol and the formation of chlorophyllide (Chlide) a by chlorophyllase (Amir-Shapira et al., 1987; Holden, 1961; Lee et al., 2010; McFeeters et al., 1971; Mínguez-Mosquera et al., 1994; Shimokawa et al., 1978; Tsuchiya et al., 1997) followed by the removal of Mg 2+ by Mgdechelating substances (MDS), which are heat-stable and low-molecular-weight compounds (Costa et al., 2002; Kunieda et al., 2005; Shioi et al., 1996; Suzuki et al., 2005) . Finally, pheophorbide (Pheide) a is degraded to fluorescent Chl catabolites, which are primary colorless catabolites, via a red Chl catabolite, by both Pheide a oxygenase and red Chl catabolite reductase (Hörtensteiner and Lee, 2007; Matile et al., 1999) . A series of these reactions, which is thought to be the main pathway of Chl a degradation, occurs in the chloroplast (Matile et al., 1997 (Matile et al., , 1999 Okazawa et al., 2006 ). An alternate pathway that differs in the first step above proceeds by removing an Mg 2+ atom instead of a phytol 2 group from Chl a to form pheophytin (Phein) a by MDS (Hörtensteiner and Kräutler, 2011; Tang et al., 2000) . Phein a could then be dephytylated to form Pheide a by chlorophyllase (Heaton and Marangoni, 1996) . Recently, pheophytinase (PPH), which is localized in the chloroplast, was also found to be a Phein a-specific dephytylation enzyme (Hörtensteiner and Kräutler, 2011; Schelbert et al., 2009 ). In addition, Chl a is degraded in vitro by peroxidase in the presence of phenolic compounds, which have a hydroxyl group at the pposition, to form 13 2 -hydroxychlorophyll (OHChl) a as an intermediate (Kato and Shimizu, 1985; Matile, 1980; Yamauchi and Minamide, 1985; Yamauchi et al., 1980; Yamauchi et al., 2004) . Maunders et al. (1983) reported that the OHChl a level increased concurrently with a decline of Chl a in senescing barley and kidney bean leaves. In horticultural crops, OHChl a was also present as a Chl derivative and the level usually decreased with senescence (Yamauchi and Watada, 1991 , 1993 , 1998 , suggesting that peroxidase could be involved in Chl degradation of postharvest green fruits and vegetables.
Due to consumer interest in decreasing the postharvest use of chemicals, heat treatments, such as hot water, hot air, and vapor heat treatments, have become more interesting for the control of pests and pathogens related to rot. Heat treatment has also been demonstrated to show physiological effects on the control of ripening and senescence and the tolerance to chilling injury in postharvest fruits and vegetables (Fallik, 2004; Lurie, 1998; Lurie and Mitcham, 2007) . Additionally, Fallik et al. (1999) reported that the reduction of postharvest decay development and quality maintenance in stored sweet pepper fruit was confirmed by using a commercial-scale hot-water rinsing and brushing machine and that heat treatment has been applied to horticultural produce for export.
UV treatments are known to maintain the postharvest quality of fruits and vegetables. UV-C is effective in increasing antioxidant capacity, maintaining the postharvest quality of strawberry fruit (Erkan et al., 2008) and controlling the postharvest yellowing of broccoli florets (Büchert et al., 2010; Costa et al., 2006) . It has also been demonstrated that the incidence of chilling injury in stored peach (Gonzalez-Aguilar et al., 2004) and pepper (Vicente et al., 2005) fruits could be reduced by UV-C treatment. Teklemariam and Blake (2003) reported that exposure to above-ambient levels of UV-B was injurious, but low and ambient UV-B irradiation promoted the survival and growth of cucumber seedlings. Moreover, treatment with UV-A or UV-B irradiation, which seems to be less harmful for the user than UV-C irradiation, has been noted to have the effect of increasing antioxidants such as ascorbic acid (AsA), α-tocopherol, and polyphenol (DeLong and Steffen, 1997; Higashio et al., 1999 Higashio et al., , 2005 Higashio et al., , 2009 Tazawa et al., 1998) . Similarly to the effect of UV-C treatment, UV-A and/or UV-B treatment seems to have an inhibitory effect on the yellowing of stored green fruits and vegetables. In addition, other postharvest treatments, such as ethanol vapor (Fukasawa et al., 2010; Mori et al., 2009) , cold shock (Goto et al., 1984; Zhang et al., 2010) and hydrogen peroxide (Endo and Imahori, 2011) , have been reported to maintain the quality of horticultural produce during storage.
The aim of this review is to elucidate the physiological effects and mechanisms of stress treatments, such as heat and UV treatments, on the quality maintenance of postharvest green fruits and vegetables. First, it deals with the inhibitory effects of yellowing by stress treatments; then, the production and scavenging system of hydrogen peroxide by the treatments; and finally, the Chl degradation mechanism and its control by treatments. 
Inhibitory effect of yellowing by stress treatments
One of the symptoms of senescence in postharvest green fruits and vegetables is loss of greenness with the degradation of Chl. Yellowing of leaves, florets, and peels occurs quickly when green fruits and vegetables are stored and transported at ambient temperature. The effects of stress treatments such as heat and UV treatments on yellowing or degreening were determined in stored horticultural produce.
Broccoli (Brassica oleracea L. Italica Group) florets treated with hot air at 50°C for 1 h turned yellow on day 3 after remaining green for 2 days of storage at 15°C. These color changes were not different from those observed in broccoli florets without heat treatment. As shown in Figure 2 , floret yellowing was effectively retarded during storage in broccoli florets treated with hot air at 50°C for 2 h. The Chl content in the control showed almost no change for the first 2 days of storage at 15°C and afterward decreased significantly during storage (Funamoto et al., 2002) . Heat treatment at 50°C for 1 or 2 h, especially the latter, effectively suppressed Chl degradation of broccoli florets after 2 days of storage. Additionally, heat treatment at 45°C for 2.5 and 3 h showed an inhibitory effect on Chl degradation, but the effect was less than that at 50°C for 2 h (Funamoto, 2003) .
In green yuzu (Citrus junos Siebold ex Tanaka) and Nagato-yuzukichi (Citrus nagato-yuzukichi hort. Ex Y. Tanaka) fruits, hot water treatments at 40 and 45°C efficiently suppressed the decline of hue angle values during storage at 25°C. Yuzu fruit treated with hot water at 40°C for 5 and 10 min and Nagato-yuzukichi fruit treated at 45°C for 5 min kept their green color, while the control did not, during storage at 25°C (Ogo et al., 2011) .
UV irradiation is known to enhance the level of antioxidant compounds and enzymes in horticultural crops. UV-C has been shown to delay yellowing of broccoli florets during storage (Büchert et al., 2010; Costa et al., 2006) ; however, no study has examined the effect of postharvest application of UV-A or UV-B on the suppression of yellowing of broccoli florets. As is apparent in Figure 3 , UV-B irradiation of more than 19 kJ·m −2 delayed floret yellowing, whereas UV-A did not suppress yellowing during storage at 15°C (Aiamlaor et al., 2009 (Aiamlaor et al., , 2010 (Aiamlaor et al., , 2012 . The decline of the hue angle or UV-B (spectral peak value 312 nm). Each broccoli head was placed vertically under a UV-A or UV-B lamp at a distance of 15 cm, resulting in a UV-A energy dose of 8 and 16 kJ·m −2 and UV-B energy of 8.5, 19, 28.5, 38, and 57 kJ·m −2 . They were kept in a polyethylene film bag (0.03 mm in thickness) with the top folded over and stored at 15°C in the dark. Broccoli heads were loosely covered with perforated polyethylene film bags to reduce weight loss during the treatment and held in an incubator in which hot air (50°C) was circulated for 2 h. They were kept in a polyethylene film bag (0.03 mm in thickness) with the top folded over and stored at 15°C in the dark.
values in broccoli florets irradiated with a 19 kJ·m −2 dose was more suppressed than it was in the control during storage at 4, 15, and 25°C, especially at 4 and 15°C (Aiamla-or, 2011) .
In lime (Citrus latifolia Tan.) fruit, UV-B treatment also showed the inhibitory effect of Chl degradation, as is clear from Figure 4 . The hue angle value and Chl a content in the control decreased strongly during storage at 25°C, while those in the fruit irradiated with 19 kJ·m −2 decreased gradually during storage . UV-B treatment induced a gradual increase in citric acid and suppressed the increase of sugar contents in the fruit flesh during storage. Moreover, the AsA content with or without UV-B treatment decreased during storage, but the decrease in the control was faster than that with UV-B treatment, suggesting that UV-B treatment could maintain the quality of lime fruit during storage.
Production and scavenging system activation of hydrogen peroxide by stress treatment
Postharvest stresses on horticultural crops, such as high or low temperature, UV irradiation, and water deficiency, seem to induce the production of active oxygen species and are thought to accelerate the advance of senescence during storage (Hodges, 2003; Mittler, 2002) . Simultaneously, oxidative stress in horticultural produce induces the activation of the ascorbateglutathione (AsA-GSH) cycle, as shown in Figure 5 (Imahori, 2007; Yamauchi and Kusabe, 2001 ) and also stimulates the production of antioxidants such as AsA, α-tocopherol, phenolic compounds, and GSH, suggesting that they could play an inhibitory role in the progress of senescence during storage (Hodges, 2003; Toivonen, 2004) .
In broccoli florets, the hydrogen peroxide content in the control increased slightly with floret yellowing after a temporary decline on day 2 of storage at 15°C, whereas that in the broccoli florets treated with hot-air treatment at 50°C showed almost no change after 4 days of storage (Shigenaga et al., 2005) . With UV-B irradiation, the content of total peroxide, which seems to be mainly hydrogen peroxide, was immediately enhanced in broccoli florets and, afterward, the content decreased slightly during storage at 15°C (Takino et al., 2009) . In lime fruit, the total peroxide content also increased immediately with UV-B irradiation and then the level in UV-B-treated lime fruit was higher than that in the control during storage at 25°C (Urano et al., 2011) . Each fruit was placed under a UV-B lamp at a distance of 15 cm, resulting in a UV-B energy dose of 19 kJ·m −2 . A layer of aluminium film was placed under the fruit to ensure that UV-B would be irradiated to the bottom of the fruit. After irradiation, the fruit were kept in a polyethylene film bag (0.03 mm in thickness) with the top folded over and stored at 15°C in the dark. Furthermore, the enhancement of K + ion leakage was more suppressed during storage in UV-B-treated lime fruit peel than it was in the control. With hot-water treatment, as with UV-B treatment, the increase of K + ion leakage was also suppressed during storage in yuzu and Nagato-yuzukichi fruits (unpublished). These findings indicate that the permeability of the cell membrane in UV-B-irradiated and heat-treated fruit peel might be maintained during storage. Thus, it is clear that both high-temperature and UV-B treatments, which are different treatment methods, have the same effect on horticultural crops, namely, they moderately stimulate the production of hydrogen peroxide. In plant cells, hydrogen peroxide has been demonstrated to play a key role in imparting changes to cellular functions, a process that is well known as signaling (Foyer et al., 1997; Mittler, 2002) . Consequently, the formed hydrogen peroxide could act as a signal in the cell and induce the activation of the AsA-GSH cycle, resulting in the suppression of senescence.
The AsA content in broccoli florets with hot-air treatment decreased during storage at 15°C, but it did so faster in the control than in heat-treated broccoli (Shigenaga et al., 2005) . The content of GSH, a reduced form of glutathione, in heat-treated broccoli florets showed almost no change during storage, whereas that in the control decreased gradually. The NADPH content in heat-treated broccoli florets increased greatly after 4 days of storage. Regarding the activity changes of the enzymes involved in the cycle, both dehydro-ascorbate reductase (DHAR) and glutathione reductase (GR) in heat-treated broccoli florets decreased slightly during storage, whereas they showed much faster decline in the control. The monodehydro-ascorbate reductase (MDHAR) activity, however, in broccoli florets with or without hot-air treatment showed hardly any change during storage. Unlike those activities, ascorbate peroxidase (APX) activity in heat-treated broccoli florets increased slightly during storage. In UV-B-treated broccoli florets during storage (Takino et al., 2009) , the changes in these antioxidants and enzyme activities involved in the AsA-GSH cycle showed the same tendency as those under hot-air treatment, as shown in Table 1 . Accordingly, hydrogen peroxide produced by stress treatments could induce the activation of the AsA-GSH cycle, and this enhancement of activity might be involved in the suppression of senescence in heat-treated or UV-B-irradiated broccoli florets during storage.
Chlorophyll degradation mechanism and its control by stress treatments
In green fruits and vegetables such as lime, broccoli and leafy vegetables, yellowing or degreening, i.e., Chl degradation, is the main limitation to extended shelf-life while maintaining high quality. It has been reported that Chlase is involved in an early stage of Chl a degradation. Recently, PPH was also found to be a new Chl-degrading enzyme at the early stage of degradation. In this pathway related to PPH, it is required that Mg 2+ is firstly removed from Chl a to form Phein a by Mg-dechelation, as the substrate of PPH is Phein a. Together with these enzymes, peroxidase could be related to Chl a degradation with the rapid senescence of postharvest horticultural crops. This section deals with the mechanism of peroxidasemediated Chl degradation and the control of Chldegrading enzymes by stress treatments.
1) Involvement of the phenoxy radical in peroxidasemediated chlorophyll degradation
Peroxidase was found to degrade Chls in vitro in the presence of phenolic compounds and the activity increased significantly with yellowing during storage in several horticultural crops (Dissanayake et al., 2008; Huff, 1982; Johnson-Flanagan and McLachlan, 1990; Johnson-Flanagan and Spencer, 1996; Kato and Shimizu, 1985; Ma and Shimokawa, 1998; Martínez et al., 2001; Matile, 1980; Maunders et al., 1983; Yamauchi and Minamide, 1985; Yamauchi et al., 1980 Yamauchi et al., , 2004 . In parsley leaves, in which yellowing occurs quickly during storage at ambient temperature, an apigenin, which is the main flavonoid of the leaves, was involved in in vitro peroxidase-mediated Chl degradation (Yamauchi and Minamide, 1985) . In addition to the apigenin and its glycosides, p-coumaric acid and naringenin were involved in Chl degradation (Yamauchi and Watada, 1994) . Kato and Shimizu (1985) reported that phenolic compounds, such as dichlorophenol, p-coumaric acid, phenol, p-hydroxyphenylacetic acid, p-hydroxybenzoic acid, p-hydroxyacetophenone, resorcinol, and umbelliferone, were effective for peroxidase-mediated Chl degradation. Most of these compounds related to peroxidase-dependent Chl degradation are phenolic compounds having a hydroxyl group at p-position. Consequently, p-coumaric acid and the flavonoids apigenin and naringenin, especially the former, which is (Kato and Shimizu, 1985; Yamauchi and Watada, 1994; Yamauchi et al., 2004 Yamauchi et al., , 2012 . According to the inhibitory effects of Tiron, nitroblue tetrazolium, MnCl 2 , AsA, and n-propyl gallate on peroxidase-mediated Chl degradation, we demonstrated that a phenoxy radical and/or a superoxide anion radical (·O 2 − ) could be involved in Chl degradation. Nevertheless, the addition of superoxide dismutase to the peroxidase reaction had little effect on the inhibition of Chl oxidation, which could indicate that the phenoxy radical might be significantly involved in Chl degradation (Yamauchi and Eguchi, 2002) .
To elucidate which phenoxy radical is related to peroxidase-mediated Chl degradation, radical formation from flavonoid by peroxidase was determined using the extract of flavedo tissue of green Nagato-yuzukichi fruit (Yamauchi et al., 2012) . The radical formation of both naringin and hesperidin, which are the main flavonoids in the flavedo, with peroxidase-mediated oxidation was found by electron spin resonance analysis. However, only the radical of naringin, which has a hydroxyl group at the p-position, was related to the formation of OHChl a with Chl a degradation, whereas the hesperidin radical hardly affected OHChl a formation. In addition, superoxide dismutase did not inhibit Chl a degradation by the naringin radical, and ·O 2 − formed by xanthinexanthine oxidase reaction was not related to Chl a degradation. In Nagato-yuzukichi fruit, Chl-degrading peroxidase activity increased greatly during storage at 20°C in accordance with a decrease in the Chl a content. The contents of naringin and hesperidin, especially the former, decreased during storage at 20°C, suggesting that the naringin radical formed by peroxidase could be partly involved in Chl degradation during storage in Nagato-yuzukichi fruit.
Taken together, as shown in Figure 6 , our results demonstrate that peroxidase oxidizes phenolic compounds, such as apigenin and p-coumaric acid, which have a hydroxyl group at the p-position, to form a phenoxy radical, and Chl a could be degraded by the formed phenoxy radical to a colorless low-molecularweight compound through OHChl a as an intermediate.
2) Control of Chl-degrading enzymes by stress treatments Stress treatments, namely heat and UV-B treatments, proved to be effective for quality maintenance during storage due to the suppression of yellowing or degreening. The effects of stress treatments on Chldegrading enzyme activities were determined in broccoli florets and lime fruit during storage.
In broccoli florets, chlorophyllase activity in the control decreased, Chl-degrading peroxidase activity increased greatly, and Mg-dechelation activity, which was measured using Chlide a as a substrate, showed almost no change during storage at 15°C. On the other hand, these Chl-degrading enzyme activities in heat-or UV-B-treated broccoli florets were efficiently suppressed, but those in the control were not. In particular, Chl-degrading peroxidase activity showed a sharp increase with floret yellowing, indicating that Chldegrading peroxidase might be partly involved in the Chl degradation of postharvest broccoli florets. We revealed that a cationic peroxidase isoform with a molecular size of 34 kDa was expressed with the advance of floret yellowing and that the isoperoxidase was present only in the chloroplast extracted from senescing broccoli florets, which could imply that isoperoxidase is involved in the Chl degradation of stored broccoli florets (Aiamlaor et al., 2011) . Kuroda et al. (1990) also found that cationic isoperoxidase was localized in the barley leaf chloroplast and the enhancement of activity was suppressed with kinetin treatment, which might suggest that it is involved in Chl degradation. Moreover, stress treatments suppressed the enhancement of cationic isoperoxidase with floret yellowing (Aiamla-or, 2011; Aiamla-or et al., 2010; Funamoto et al., 2002 Funamoto et al., , 2006 . Pheophytinase (PPH) was recently demonstrated in Arabidopsis thaliana to be a Phein a-specific dephytylation enzyme by Schelbert et al. (2009) , who proposed that, in the pathway of Chl degradation, the removal of Mg 2+ preceded dephytylation, resulting in the following order without Chlide a formation: Chl a → Phein a → Pheide a. Büchert et al. (2011) discovered that the expression of the PPH gene (BoPPH) was accelerated with rapid yellowing of broccoli florets by ethylene treatment but with slow yellowing by cytokinin. The same tendency of PPH gene changes by plant hormone treatments was also observed in stored Chinese flowering cabbage leaves (Zhang et al., 2011) .
In assays of PPH activity, however, an accurate method has not been established since chlorophyllase also dephytylates Phein a to form Pheide a. It has been noted that Chlase dephytylates Phein a as well as Chl a (McFeeters, 1975; McFeeters et al., 1971) , whereas PPH has specific activity for Phein a alone (Schelbert et al., 2009) . Therefore, for the accurate measurement of PPH activity, PPH and Chlase proteins need to be separated. In broccoli florets, the establishment of a simple analytical method of PPH activity was tried using an ammonium sulfate precipitation. The protein precipitated by 45-60% saturated ammonium sulfates hardly included Chlase activity and was suitable for PPH determination. PPH activity in broccoli florets treated with UV-B was repressed for the first 2 days of storage at 15°C but gradually increased with yellowing of control broccoli florets (Aiamla-or et al., 2012) .
In lime fruit, the activities of the Chl-degrading enzymes, Chlase, Chl-degrading peroxidase, and Mgdechelation in the control increased with fruit peel degreening during storage at 25°C. On the other hand, enhancement of those activities was effectively suppressed with UV-B treatment .
Changes in the gene expression of Chl-degrading enzymes were determined by real-time PCR (qRT-PCR) analysis using specific primers from broccoli. The expression of all Chlase genes, BoCLH1, BoCLH2, and BoCLH3 (Lee et al., 2010) , increased immediately after UV-B treatment, whereas the expression of BoPPH showed a small reduction with the treatment. The expressions of BoCLH2 and BoCLH3 in broccoli florets with UV-B treatment were more up-regulated than in the control during storage at 15°C. In contrast, the expression levels of BoPPH and BoPAO (pheide a oxygenase gene) during storage were suppressed by UV-B treatment, which could suggest that the up-regulation of these Chl-degrading enzyme genes could be delayed by UV-B treatment, resulting in the suppression of floret yellowing in stored broccoli (Aiamla-or et al., 2012) .
Conclusion and future study
The physiological effects and mechanisms of stress treatments are summarized in Figure 7 . Both heat and UV-B treatments induced the production of reactive oxygen species (ROS) and then the AsA-GSH cycle was activated to scavenge the formed hydrogen peroxide. The antioxidants AsA and GSH, which are involved in this cycle, and α-tocopherol might also participate in the maintenance of the constancy of cell membranes by suppressing the oxidation of unsaturated fatty acids in the membranes, resulting in the suppression of Fig. 7 . Physiological effect and its mechanism of stress treatments. AsA: ascorbate, GSH: reduced glutathione, FR: free radical, ROS: reactive oxygen species, Chl: chlorophyll.
N. Yamauchi 8 senescence during storage in postharvest horticultural crops. Moreover, the sustainment of the constancy of the cell membrane suppresses the enhancement of the gene expressions and the activities of Chl-degrading enzymes, which could suggest that the stress treatments effectively control Chl degradation in stored green fruits and vegetables. It is known that many kinds of heat-shock proteins (HSPs) of different molecular sizes, together with ROS generation, are induced as a response to stress conditions, such as high and low temperatures, UV irradiation, and dehydration (Vierling, 1991; Wang et al., 2004) . HSPs could be also induced by stress treatments of postharvest horticultural crops and have an inhibitory effect on the progress of senescence (Gómez et al., 2008; Lurie, 1998) . Therefore, future study is necessary to explore the physiological role of HSPs in the suppression of senescence by stress treatments. 
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